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Abstract. To help understand volcanic facies in the subsurface, data sets that enable detailed comparisons be-
tween down-hole geophysical data and cored volcanic intervals are critical. However, in many cases, the collec-
tion of extended core intervals within volcanic sequences is rare and often incomplete due to challenging coring
conditions. In this contribution we outline and provide initial results from borehole logging operations within
two fully cored lava-dominated borehole sequences, PTA2 and KMA1, on the Big Island of Hawai‘i. Data for
spectral gamma, magnetic susceptibility, dipmeter resistivity, sonic, total magnetic field, temperature and tele-
viewer wireline logs were successfully acquired for the open hole interval ca. 889 m to 1567 m within the PTA2
borehole. Spectral gamma was also collected from inside the casing of both wells, extending the coverage for
PTA2 to the surface and covering the interval from ca. 300 to 1200 m for KMA1. High-quality core material
was available for both boreholes with almost complete recovery which enabled high-resolution core-to-log in-
tegration. Gamma data are generally low commonly in the range ca. 7–20 gAPI but are shown to increase up
to API of ca. 60 with some intrusions and with increases in hawaiite compositions in the upper part of PTA2.
Velocity data are more variable due to alteration within porous volcanic facies than with burial depth, with a gen-
eral degrease down-hole. The high-resolution televiewer data have been compared directly to the core, enabling
a comprehensive analysis of the variations in the televiewer responses. This has enabled the identification of
key features including individual vesicles, vesicle segregations, strained vesicles, chilled margins, rubble zones,
intrusive contacts and pa¯hoehoe lobe morphologies, which can be confidently matched between the televiewer
data and the full diameter core. The data set and results of this study include findings which should enable im-
proved borehole facies analysis through volcanic sequences in the future, especially where down-borehole data
and images but no core are available.
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1 Introduction
Volcanic rocks (including intrusive and extrusive) occur in
a variety of facies which reflect their composition, mode of
emplacement and interaction with their host environment.
The resultant volcanic units in turn comprise highly vari-
able rock properties. When we examine the subsurface by
remote geophysical tools we see an expression of these asso-
ciated physical properties rather than the facies themselves,
and where volcanic facies exist we can often be faced with
a number of challenges in interpreting what we see, or in
some cases cannot see. To this extent we can ask the fol-
lowing question: what are the key volcanic facies, what are
their physical properties and how are these properties spa-
tially distributed? Good onshore analogues provide an inte-
gral method of investigating these rock properties and hetero-
geneities in a way to help inform us as to their likely proper-
ties in the subsurface. Subsurface examples where fully cored
sections through volcanic units combined with a comprehen-
sive set of down-borehole remote data do exist, most no-
tably from scientific drilling; however, examples where near-
complete recovery exists are more limited (Ildefonse et al.,
2007). This is in main part due to the highly variable physi-
cal properties of volcanic rocks and the consequence of these
properties on drilling operations (Teagle et al., 2012; Mil-
lett et al., 2016), resulting commonly in challenging drilling
conditions and incomplete core recovery. This is also com-
pounded by many such drilling operations being conducted
offshore, where ocean conditions make core recovery more
challenging still. In consequence, our general understanding
of volcanic facies in the subsurface is fairly comprehensive,
but numerous gaps remain at the detailed level which require
new data to better constrain the relationships between geo-
physical observations and formation characteristics.
Some significant studies do exist that have looked at the
nature of volcanic rocks in the subsurface from borehole
data (e.g., Planke, 1994; Helm-Clark et al., 2004; Bartet-
zko et al., 2005; Nelson et al., 2009). Perhaps some of the
most significant developments in the interpretation of vol-
canic rocks from borehole data have come from the com-
bined Ocean Drilling Program (ODP) and Integrated Ocean
Drilling Program (IODP) literature which records the scien-
tific findings of extensive offshore coring programs targeting
both the oceanic crust and many of the world’s volcanic rifted
margins (e.g., Goldberg, 1997; Brewer et al., 1998; Teagle et
al., 2012). In more recent years, offshore exploration for hy-
drocarbons in many of the world’s rifted margins has also
increased the number of data and studies relating to down-
hole measurements through volcanic successions (e.g., Nel-
son et al., 2009, 2015; Andersen et al., 2009; Watton et al.,
2014a; Millett et al., 2015; Fornero et al., 2018). In more di-
rect relevance to this study, findings associated with drilling
operations on Hawai‘i including the over 3 km deep HSDP2
borehole have also led to significant advances in the identifi-
cation and interpretation of volcanic rocks in the subsurface
(e.g., Katz and Cashman, 2003; Garcia et al., 2007). Despite
the many advances in volcanic borehole analysis, many chal-
lenges still remain. These include the delineation of volcanic
intra-facies from remote-sensing data where a full core is
not available along with an associated relative lack of high-
quality petrophysical data for relevant volcanic intra-facies
from variable depths and degrees of alteration. In most in-
stances, the lack of fully cored intervals within the volcanic
units hinders a full assessment of the volcanic facies present,
especially in scenarios where large overlaps in petrophysical
property ranges exist (e.g., Bartetzko et al., 2005; Nelson et
al., 2009).
This contribution presents results from wireline logging
operations undertaken in two fully cored boreholes within
the Humu‘ula Saddle region between the Mauna Kea and
Mauna Loa volcanoes on the Big Island of Hawai‘i (Fig. 1).
The primary aim of this project was to attain high-quality
wireline log data from the boreholes in order to undertake
detailed core–log integrations for the penetrated volcanic fa-
cies. The two boreholes, PTA2 and KMA1, penetrated 1764
and 1528 m of subaerial lava-dominated sequences with sub-
ordinate minor intrusives and sediments respectively, with
the entire sections fully cored. Lava facies include pa¯hoehoe,
‘a‘a¯ and transitional types on a range of scales. The vol-
canic sequences comprise basaltic to picritic shield stage
lavas of Mauna Kea capped by a thinner sequence of post-
shield basalt-dominated (Hamakua Volcanics) to hawaiite-
dominated (Laupahoehoe Volcanics) lavas (Frey et al., 1990).
A wireline logging data set including spectral gamma, mag-
netic susceptibility, dipmeter resistivity, sonic, total magnetic
field, temperature and televiewer images was acquired within
the open hole interval ca. 889 to 1567 m of the PTA2 bore-
hole. Additionally spectral gamma was collected from inside
the casing of both wells, extending the coverage for PTA2
up to 0 m depth and covering the interval from ca. 300 to
1200 m for KMA1. The availability of a good-quality, near-
continuous core for each well, along with the range and types
of encountered volcanic facies, enabled a unique opportunity
to improve our understanding of borehole characterization
in volcanic sequences by comparison of remote data directly
with cored intervals. This database, and in particular the com-
parison of image log data with core, highlights the potential
for subsurface volcanic facies analysis where core data are
not available.
2 Background and data acquisition
The boreholes investigated within this paper were drilled
as part of the Humu‘ula Groundwater Research Project
(HGRP), which commenced in 2013, affiliated with the
Hawai‘i Groundwater and Geothermal Resources Center
(University of Hawai‘i). One borehole (PTA2) was drilled on
the Island of Hawai‘i at the Pohakuloa Training Area (PTA)
in 2013 and a second (KMA1) was drilled in 2015 ca. 11 km
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Figure 1. (a) Location map of the PTA2 and KMA1 boreholes on a topographic and bathymetric map of Hawai‘i (bathymetric map from
USGS, Eakins et al., 2003). Locations of a selection of additional cored boreholes drilled on Hawai‘i are also indicated (red dots) (SOH4
1989, 2.0 km; SOH1 1991, 1.7 km; HSDP1 1993, 1.1 km; HSDP2 1999, 3.1 km) (see also Garcia et al., 2007) (MK – Mauna Kea, ML –
Mauna Loa, KI – Kilauea, HU – Huala¯lai, Ko – Kohala). (b) The cored sections of PTA2 and KMA1 are indicated with their generalized
volcanic facies and well information.
to the NW (Fig. 1). HGRP’s primary scientific objective was
to research and characterize the groundwater resources in
Hawai‘i Island’s saddle region, which comprises a sequence
of entirely subaerial lava flow with additional minor intru-
sions and sediments. The US Army, through the Army Corps
of Engineers’ Cooperative Ecosystem Studies Unit (CESU),
provided funding for the drilling and core collection, whereas
the US National Science Foundation provided funding for the
initial characterization and logging of the core. The initial
part of this project did not plan for any geophysical logging
data acquisition.
Discussions with Donald Thomas and Nicole Lautze (the
principle project leaders) and Eric Haskins (core archive
manager), from the University of Hawai‘i, were initially
sparked from scientific exchanges at the American Geophys-
ical Union (AGU) 2013 meeting in San Francisco, USA.
These exchanges identified the cored data set as a potentially
valuable resource for further analysis. The idea of generating
a complete core-to-remote-sensing suite for these wells was
then further explored by Dougal Jerram (DougalEARTH Ltd.
and University of Oslo), Sverre Planke (VBPR and Univer-
sity of Oslo) and John Millett (VBPR and University of Ab-
erdeen) along with Donald Thomas. Funding for geophysi-
cal logging of the two boreholes was proposed and provided
by the VMAPP (Volcanic Margin Petroleum Prospectivity)
project (VBPR, DougalEARTH, and TGS) as part of the re-
search module program. The aim was to generate one of the
most complete data sets of fully cored volcanics with asso-
ciated borehole measurements, to aid in our understanding
of volcanic facies in the subsurface. The Operational Sup-
port Group (OSG) of ICDP (International Continental Scien-
tific Drilling Program) at the GFZ German Research Centre
for Geosciences in Potsdam (Germany) was then approached
to undertake the logging. The logging project reported here
was formed from a collaboration between VMAPP, the Uni-
versity of Hawai‘i and OSG. Through this collaboration, the
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Table 1. Summary data of lithologies (facies) intersected in hole PTA2.
PTA2 unit summary (total cored section thickness: 1759.1 m)
Unit type No. of units No. of flows or subunits Occurrence Thickness (m) Percent of section
total avg. unit avg. flow or subunit
Pa¯hoehoe 228 1933 57.1 % 1087.8 4.8 0.6 61.8 %
Transitional 18 123 4.5 % 99.7 5.5 0.8 5.7 %
‘A‘a¯ 113 211 28.3 % 400.1 3.5 1.9 22.7 %
Intrusives 21 37 5.3 % 66.1 3.1 1.8 3.8 %
Ash 2 2 0.5 % 0.2 0.1 0.1 0.01 %
Cinder/scoria 3 46 0.8 % 100.3 33.4 2.2 5.7 %
Soil 1 1 0.3 % 3.1 3.1 3.1 0.18 %
Sandstone 1 1 0.3 % 0.15 0.15 0.15 0.01 %
Conglomerate 10 10 2.5 % 1.37 0.14 0.14 0.08 %
Breccia 2 2 0.5 % 0.37 0.19 0.19 0.02 %
Grand total 399 2366 100.0 % 1759.1 – – 100.0 %
Total flow 359 2267 90.0 % 1587.6 – – 90.25 %
Total nonflow 40 99 10.0 % 171.5 – – 9.75 %
(1) There is one extremely thick laccolith or lopolith at the base of the Laupahoehoe section that is 29.7 m thick, nearly doubling the overall thickness of intrusives in the section.
(2) Cinder/scoria intervals are thought to represent cones or flanks of cones built from this material during the post-shield stages of Mauna Kea’s growth (alternating with
pa¯hoehoe of constant lithology in the deeper cases; see stratigraphic column).
(3) Potential ash and soil intervals are currently being interpreted by Dr. Nicole Lautze; the number of these units may increase based on these interpretations.
(4) While most of the conglomerate units are interpreted as fluvial or colluvial, the uppermost (recovered in the first run of drilling) is thought to be glacial in origin.
project gained full access to the core material enabling the
unique opportunity of undertaking detailed core–log integra-
tion from a thick sequence of heterogeneous lava facies in
order to improve our understanding of the geophysical re-
sponse of these facies under differing subsurface regimes.
2.1 Borehole coring operations
The overall purpose of the project was an effort to better de-
fine hydrologic conditions in the central region of Hawaii Is-
land. The prevailing hydrologic model for Hawaii is one of
a relatively thin basal freshwater lens underlain by saltwater-
saturated rocks below (e.g. Thomas et al., 1996). The find-
ings of the Hawai‘i Scientific Drilling Project (HSDP) for
freshwater-saturated rocks at depths of ∼ 3 km below sea
level near the Hawaii Island shoreline suggested that much
more substantial freshwater resources were present within
the interior of the island (Stolper et al., 2009). Surface re-
sistivity surveys (Pierce and Thomas, 2009) identified sub-
surface conductive features that were consistent with high-
elevation groundwater and two sites were selected for deep
test holes. In light of the near absence of detailed strati-
graphic data for the interior of Hawai‘i Island, diamond wire-
line core drilling was selected as a means of both defining
the elevation of the water table and recovering information
on the stratigraphic features associated with high-elevation
groundwater in the area.
The drilling approach was to install shallow, large-
diameter conductor casing, core to a depth of ∼ 65 m with
PQ (122 mm diameter) coring tolls, open the hole with rotary
tools and set surface (177 mm) casing to that depth, continue
drilling with PQ to stable formations at one-third to one-half
of the target depth, set (114 mm) casing to that depth, and
continue to total depth (TD) with HQ (96 mm) coring tools.
The PTA2 borehole was cored to a depth of 889 m (top of cas-
ing at 1943 m) with PQ tools and to at total depth of 1764 m
with HQ tools. The KMA1 test hole was drilled to a depth
of 298 m with PQ tools and to TD of 1531 m with HQ. Core
recovery for the PTA2 hole averaged for the entire depth was
about 97 %; core recovery for the KMA1 hole over the en-
tire depth was about 91 %. A summary of the lithology of the
cores from the PTA2 and KMA1 holes is presented in tabular
form (see Tables 1 and 2).
More information about the project along with a com-
plete photographic archive of the two borehole cores is avail-
able at the HGRP website (https://www.higp.hawaii.edu/
hggrc/projects/humuula-groundwater-research-project/, last
access: 2 February 2019). No geophysical logging data ac-
quisition was planned as part of the HGRP project.
2.2 Logging operations
The initial logging project outline involved a single logging
operation planned for December 2015 during which time log-
ging of the open hole sections of both PTA2 and KMA1
was scheduled. Sonic, resistivity, spectral gamma, dipmeter,
magnetic susceptibility, temperature, total magnetic field and
televiewer tool logging were planned for both wells in order
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Table 2. Summary data of lithologies (facies) intersected in hole KMA1.
KMA1 unit summary (total cored section thickness: 1522.2 m)
Unit type No. of units No. of flows or subunits Occurrence Thickness (m) Percent of section
total avg. unit avg. flow or subunit
Pa¯hoehoe 98 418 30.2 % 409.5 4.2 1.0 26.90 %
Transitional 49 120 15.1 % 239.8 4.9 2.0 15.75 %
‘A‘a¯ 168 236 51.9 % 819.7 4.9 3.5 53.85 %
Intrusives 7 16 2.2 % 48.5 6.9 3.0 3.19 %
Ash/soil/sand 1 1 0.3 % 1.0 1.0 1.0 0.07 %
Breccia 1 1 0.3 % 3.7 3.7 3.7 0.24 %
Grand total 324 792 100.0 % 1522.2 – – 100.0 %
Total flow 315 774 97.2 % 1469.0 – – 96.5 %
Total nonflow 9 18 2.8 % 53.2 – – 3.5 %
Table 3. Summary of all logging runs from the project.
Sonde run Date Logging speed (m min−1) Logged interval (m) Borehole Logging trip
TS1-SGR 15/02/2016 2 to 3 313–1204 KMA1 1
TS1-SGR 17/02/2016 2 to 4 0–808 PTA2 1
TS1-SGR-MS 15/06/2016 2 742–1567 PTA2 2
TS1-BS 16/06/2016 6 to 7 885–1567 PTA2 2
TS1-DIP 16/06/2016 6 to 7 908–1567 PTA2 2
ABI43 17/06/2016 1.6 886–1567 PTA2 2
to allow detailed volcanic facies assessment and to test corre-
lations between the two boreholes. Neutron and density tools
have also been demonstrated to give important insights into
volcanic facies (e.g., Planke, 1994; Shervais et al., 2013);
however, due to the active radioactive sources in both tools,
it was not possible to include these logs in the logging suite
on Hawaii due to operational restrictions. In the end two log-
ging trips were undertaken, the first in February 2016 and the
second in June 2016, and only the open hole section of PTA2
was logged due to major complications associated with the
final stages of drilling within KMA1 and subsequent efforts
to resolve the resulting stuck pipe problem. In Fig. 2 selected
photographs of the site and operations are presented.
The slim hole wireline logging tools deployed during the
logging operations were made by Antares, Germany, except
for the acoustic televiewer ABI43, made by ALT, Luxem-
bourg. All tool combinations included a natural total gamma
ray (GR) measurement for depth correlation except for the
ABI43. Logging was undertaken using a Comprobe elec-
tric winch with a Rochester 3/16′′, four-conductor cable pro-
vided by HGRP. The depth reference for all logging runs was
ground level at ca. 1943 m above sea level (based on GPS el-
evation determination). Details of all the combined logging
runs, logging speeds and measured intervals are given in Ta-
ble 3.
2.3 Wireline log and televiewer processing
All borehole data were screened and processed by GFZ prior
to interpretation. Depth corrections were applied to all logs
primarily by gamma peak matching other than for the ABI43
which does not contain a gamma sensor. For depth correla-
tion of the ABI43 logs the caliper data from the DIP me-
ter proved useful in comparison with the televiewer travel
time and amplitudes which are also highly sensitive to bore-
hole size. The accuracy of this caliper match is even bet-
ter than that of the GR match. Due to the very low total
gamma response of the open hole section, the individual
spectral gamma results for K, Th and U have been deemed
below quantitative spectrum values and therefore only the to-
tal gamma is presented for this interval.
The raw sonic waveform data were processed using a com-
bination of first arrival trace picking for P and S waves along
with additional semblance analysis. In general, the P-wave
picking was straight forward for most of the borehole; how-
ever, a strong direct wave interferes with the P-wave first ar-
rival at lower velocities in the near receiver (Fig. 4), mak-
ing accurate picking challenging. The S-wave arrival also
becomes highly unclear in the upper part of the well above
ca. 1100 m. Velocity data for the open hole section of PTA2
are therefore of mixed quality with generally improved con-
fidence levels towards the base of the well.
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Figure 2. (a) Drill truck at the KMA1 site. (b) Spectral gamma logging within casing at PTA2. (c) Jochem Kück and Marco Groh (GFZ)
with the sonic sonde at PTA2. (d) Borehole televiewer sonde being lowered into the borehole at PTA2. (e) Eric Haskins cuts sections of core
for additional sampling.
The televiewer data from PTA2 were acquired at the high-
est resolution and optimized logging speed to ensure the
highest possible data quality. For both travel time and ampli-
tude, static and dynamic (10 cm vertical window) normaliza-
tions were applied to improve imaging (Fig. 5). Each chan-
nel (raw, static, dynamic) for travel time and amplitude in
particular displays minor to major differences in the result-
ing images depending on the scale and variations between
different intervals and features. All output logs are displayed
with a logarithmic scale with the ranges optimized for clar-
ity (Fig. 5). Breakouts are very common in some intervals of
the wellbore (e.g., ca. 1223.5 and ca. 1352 m). Examples of
both key seat and breakouts are present. The correlation be-
tween sonic Vp and the televiewer amplitude data is variable,
with some intervals showing clear associations (e.g., Fig. 5c)
while in other examples the expected relationships are not
apparent.
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Figure 3. Example of the exceptional core recovery from the wells (further examples can be seen in Figs. 9 and 10).
In summary, the logging data derived from the PTA2 bore-
hole includes very high-quality data for the majority of the
open hole logged sequence, and the separate log traces have
been confidently depth matched. Accurate comparison be-
tween the borehole core and the inter-relationships of the
geophysical properties can therefore be undertaken with sim-
ilar confidence.
3 Wireline logging results
Within this section, results from the borehole logging are pre-
sented. The log data for the main open hole logged section
are summarized in Fig. 6 along with a summary of the vol-
canic facies based on the core logging (Thomas and Haskins,
2013). Data from each sonde are described individually in
relation to the volcanic stratigraphy in the following section.
Unless otherwise stated, the presented logs display data with
a 3 m running average applied to reduce data noise.
3.1 Caliper
The four-arm caliper sonde gives information on borehole di-
ameter and shape. The caliper results from the open hole sec-
tion of PTA2 display a generally good hole condition with a
uniform diameter of ca. 98 mm (HQ core bit outer diameter
ca. 96 mm) for the majority of the logged section (Fig. 6).
Semi-continuous breakouts occur through large intervals of
the borehole associated with the in situ stress field (break-
outs parallel to minimum horizontal stress). These breakouts
are often best developed within the most coherent and stiff
facies, e.g., ‘a‘a¯ interiors and intrusions, and are being in-
vestigated in ongoing research relating to the in situ stress
regime of the Mauna Kea volcano.
The borehole diameter only exceeds 20 mm off-gauge in
eight separate intervals, and, in a number of these cases, only
one of the two caliper arm pairs exceed this deviation from
the baseline indicative of an irregular borehole shape (e.g.,
key seat). Wider diameters occur over the full range of major
facies within the borehole (Fig. 6); however, correlation be-
tween these and facies within some intervals is also observed.
Most notably, in the upper ca. 300 m of the logged inter-
val, the largest washouts occur dominantly either within ‘a‘a¯
and transitional facies or at the transitions between these and
pa¯hoehoe-dominated sequences. Washouts are also closely
associated with minor intrusions leading up to ca. 1100 m.
These observations appear consistent with the generally rub-
bly loose nature of ‘a‘a¯ and, to a lesser degree, transitional
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Figure 4. Example of raw borehole sonic waveform data analysis from PTA2. Near- and far-receiver traces (50 cm spacing) with first arrival
picking (FAP) results. The derived velocities are shown on the right side together with results from a separate semblance analysis (SA). The
light-blue curve is the measured water wave velocity, and total GR is shown for depth correlation.
lava flow margins which would be expected to cave most eas-
ily (Millett et al., 2016).
Fractures associated with intrusions along with the baking
effect that they have on host rocks are also commonly as-
sociated with borehole breakouts in volcanic boreholes and
therefore the caliper response in the upper part of the well
is largely as expected. The largest washouts in the borehole
occur in the lower part of the well, e.g., at ca. 1350, 1450
and 1520 m. These examples are less facies constrained, with
two occurring largely within pa¯hoehoe sequences and, there-
fore, fracturing and/or alteration, known to be more pervasive
within the lower borehole intervals, may have contributed to
borehole instability in these cases.
3.2 Gamma
Gamma log responses are related to the abundance of the ra-
dioactive large ion lithophile elements K, U and Th in the
measured rock volume. In volcanic rocks, the abundance of
these elements is related to the primary magma composi-
tion that produced the resulting volcanic facies. In general,
basaltic igneous rocks have very low abundances of the K, U
and Th, especially in tholeiitic low K melts. Due to the gen-
eral incompatibility of these elements during early fractional
crystallization of basaltic melts, their abundance and there-
fore related API gamma responses increase with fractional
crystallization and differentiation. Gamma ray responses can
therefore be a good proxy for the degree of differentiation
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Figure 5. (a) Simplified schematic displaying the four-arm caliper response to common borehole conditions (following Reinecker et al.,
2003). (b) Basics of televiewer imaging of borehole features. (c) Example of some of these features from the PTA2 borehole televiewer data.
in volcanic rock suites (Stefansson et al., 2000; Delpino and
Bermúdez, 2009), with higher gamma responses indicating
more evolved compositions. Alteration and weathering pro-
cesses are also known to affect gamma responses in basaltic
rocks largely due to the water solubility and therefore mo-
bility of K during alteration (e.g., Planke, 1994). In basaltic
rocks, weathering at flow tops generally causes an increase
in the gamma response above background levels within flow
interiors (e.g., Planke, 1994).
The gamma response for the PTA2 borehole is generally
very low with the majority of the well, displaying relatively
uniform API counts of <20. Intervals with high API counts
do occur in the upper part of the borehole but are restricted
to depths shallower than ca. 700 m (Fig. 7) and increase in
frequency and extent upwards over this depth interval. Inter-
estingly, the highest gamma intervals, which reach up to API
of ca. 60, are almost exclusively associated with intrusions
identified from the core logging. A number of lava flows
within the upper section of the well also show elevated API
when compared to similar lava facies at greater depth. It is
noted from the core descriptions of PTA2 that hawaiite com-
positions become more common towards the top of the se-
quence, associated with the post-shield pa¯hoehoe lavas, in
addition to the multiple fine-grained minor intrusions identi-
fied within these sections (e.g., Fig. 7). Hawaiite comprises
a more evolved melt than basalt and therefore is expected to
contain larger percentages of incompatible elements such as
K, U and Th, resulting in increased gamma response.
Within the lower part of the well, gamma variations are
far more restricted with values generally within the range ca.
7–20 API. In Fig. 7c, an expanded example from the inter-
val ca. 1450–1550 m is presented. It is clear that systematic
variations in gamma response are also exhibited within this
lava-dominated sequence. Flow margins are highlighted for
clarity and it is seen that inflections in the gamma peaks and
troughs are readily associated with flow margins. Flow mar-
gins are not, however, always associated with increases in
gamma response and therefore a combination of resolution,
alteration and subtle base-level compositional differences be-
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Figure 6. Summary of the full borehole logging results for PTA2.
tween the flows of the lower sequence are the cause of the
gamma variations.
The results for KMA1, collected from within the HQ drill
string during the time it was stuck, are also presented in
Fig. 7d alongside the detailed core-based stratigraphy. Very
little variation is observed within the gamma response for the
logged interval of KMA1. The high gamma peaks observed
in the upper parts of PTA2 are not observed within the sam-
pled interval; however, the data do not cover the upper 300 m
in KMA1. It could therefore be that higher gamma composi-
tions are also present within this upper sequence of KMA1;
however, the lack of any intrusions in this sequence (which
hosted the majority of the higher gamma intervals in PTA2)
may suggest that they are not present at KMA1.
3.3 Magnetic susceptibility (MSUS) and total magnetic
field (MagTot)
Basaltic rocks have the potential to record strong magnetic
signatures due to the common presence of accessory iron and
iron–titanium oxide minerals such as magnetite, spinel and
ilmenite. The remnant magnetic response of basaltic rocks is
determined by a combination of the presence, type and abun-
dance of these Fe–Ti oxides in addition to crystal size and
alteration (e.g., Planke et al., 1999). Magnetic susceptibility
measures the ability of a rock formation to become magne-
tized in response to an applied magnetic field and in its sim-
plest application gives inference to the abundance of ferro-
magnetic magnetic minerals within the tested rock volume.
Magnetic susceptibility in basaltic rocks is therefore affected
by much the same parameters as the total magnetic field.
Magnetic susceptibility within the open hole section of
PTA2 is dominantly within the range of ca. 100–350 10−4
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Figure 7. Gamma ray log results compared to volcanic facies in the PTA2 and KMA1 boreholes (a, d). Two panels in the center display key
intervals from PTA2 at a larger scale (b, c). Black lines display flow boundaries within pa¯hoehoe packages in the bottom middle panel.
SI units while the total magnetic field displays values domi-
nantly around the ca. 35 000 nT mark with a small number of
excursions reaching higher values of maximum ca. 40 000 nT
and some lower values down to ca. 32 100 nT in the upper
part of the logged interval. The two highest peaks in to-
tal magnetic field are broadly associated with intrusions at
ca. 1100 m, both of which also display elevated susceptibil-
ities (Fig. 6). In some other cases intrusions display clearly
elevated values; however, in others, no observable increase
from background is seen. No clear and general relationship
is observed between MSUS and MagTot; in some cases they
appear linked, in others they appear independent. Magnetic
susceptibility shows a significant level of systematic varia-
tions associated with lava facies flow packages and bound-
aries. The response is not uniform in nature but, in many in-
stances, a sharp reduction or increase in susceptibility can
be seen at or in other cases immediately prior to the facies
boundaries (e.g., Fig. 6). Planke et al. (1999) demonstrated
that flow top alteration can cause a kick in susceptibility val-
ues at the transition from lava interiors up into the crust and at
least in some instances; this feature appears to be replicated
in the PTA2 lavas.
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3.4 DIP meter
The DIP meter records resistivity data but is uncalibrated and
therefore it may be used to qualitatively assess relative resis-
tivity of the formation. With the lack of laterolog resistivity
data this comprises the best available inference for the PTA2
borehole. Figure 6 displays the DIP meter resistivity for the
PTA2 borehole plotted against the other wireline data. The
most striking feature of the resistivity data is a large step shift
to higher average values at ca. 1130 m. Above and below this
transition the variations are quite scattered with an irregular
serrated character but importantly there is almost no overlap
in the absolute ranges within these two sections.
Geologically there is not a sufficient change in the pene-
trated facies which could account for this change in the re-
sistivity range. Alteration is known to increase within the
lower interval which could potentially explain some of the
increased resistivity where pores are filled with secondary
minerals, but cannot explain the sharp transition. Interest-
ingly, the jump in resistivity corresponds to a depth at which
very slow drilling conditions were encountered that were as-
sociated with a particular type of secondary mineral products
(zeolites). The secondary minerals formed a thick film on the
bit face that the diamond chips on the standard bit were not
able to penetrate through; after a change in the bit to larger di-
amonds this issue was overcome. This is still problematic to
explain the base-level shift as the lava cores within each sec-
tion should show broadly similar values. Another more likely
possibility is that it is associated with the borehole fluids. A
range of mud additives were added to the drilling fluid during
clearing of the borehole ca. 2 months prior to the logging op-
erations and, therefore, it could be that density stratification
may have occurred and that the heavier muds in the lower
section have a higher resistivity than fresh formation water
above.
A number of aquifer feed points are known from within
the upper part of the well (Thomas and Haskins, 2013) and
therefore circulation of aquifer waters into the borehole may
have added to this effect. An inflection to a higher temper-
ature gradient ca. 100 m deeper than the step in resistivity
also points to different fluid regimes within the borehole and
could support some sort of fluid stratification. More work is
required to constrain this further.
Although there is some correlation between the volcanic
stratigraphy and the resistivity (Fig. 6), the relationship is not
consistently related to the primary volcanic facies. Resistiv-
ity usually decreases at lava flow boundaries due to increases
in vesicles, alteration and fracturing (Planke, 1994; Nelson et
al., 2009). This is observed at some flow margins but not at
others. Dense intrusion interiors and non-vesicular lava flow
interiors are expected to display high resistivity, which is ob-
served in some cases, e.g., the intrusions at ca. 1050–1110,
but not in other cases, e.g., ca. 1480 m. Extensive fractur-
ing may explain some of these deviations; however, some
concerns regarding the consistency and accuracy of the data
remain due these poor correlation examples along with the
poorly understood jump in values described above.
3.5 Sonic
Velocity data from the sonic log has historically proven to
provide some of the most instructive information for the
interpretation of volcanic rocks in the subsurface (Planke,
1994). This is because different volcanic facies show a very
wide range of velocity but also display distinctive distribu-
tions of velocity (e.g., Nelson et al., 2009), which can be tied
back to volcanic facies at a variety of scales. P-wave (Vp)
and S-wave (Vs) results from the picked and processed sonic
log data are presented in Fig. 8. P-wave velocity data for the
borehole give robust data, whereas picking for S waves was
significantly more challenging and therefore gave lower con-
fidence results in the upper part of the sequence. The average
Vp for the logged interval is ca. 4.4 km s−1 while the average
Vs is ca. 2.35 km s−1. There is a generally good correlation
between dense crystalline core material associated with sheet
intrusions and ‘a‘a¯ lava cores and high Vp signatures in some
cases exceeding 6 km s−1. Exceptions do occur where high
Vp is associated with pa¯hoehoe lavas with no obvious evi-
dence for denser-than-normal cores and in these cases (e.g.,
at ca. 1045 m) the higher densities may be related to a combi-
nation of denser (high Vp) phenocrysts phases (e.g., olivine)
and significantly denser (Mg rich) basic magmas (Watton et
al., 2014b).
The largest variations observed within the sequence oc-
cur within the zone ca. 950–1150 m in which the greatest di-
versity of volcanic facies exists. Low peak velocities down
to ca. 4 km s−1, within the lower part of the well, are asso-
ciated with dominantly compound-braided pa¯hoehoe facies
(e.g., Jerram, 2002; Nelson et al., 2009). The low velocity is
associated with the facies which display generally high lev-
els of vesicularity and porosity along with increased levels
of alteration with burial. It is also clear that background ve-
locity values appear to be more affected by alteration than
they are by the increase in burial compaction stresses. This
is explicable by the fact that fresh basalt at ambient pressure
can commonly exceed velocities of 5 km s−1 due to its hard
interlocking crystal structure, and, due the strength within
this structure, even moderately vesicular basalts show little
reduction in porosity (and hence velocity) with burial ef-
fects alone (Millett et al., 2016). At the same time, alteration
(where pervasive) can reduce the velocity of basalt by up to
2 km s−1. Therefore, at relatively shallow burial depths, av-
erage velocity can clearly reduce with depth in association
with facies that are susceptible to alteration as is the case for
the porous pa¯hoehoe-dominated lava sequence. Clear corre-
spondence between Vp and Vs is visible for some intervals of
the well (e.g., Fig. 8); however, in other intervals, no or lim-
ited correspondence exists. The Vp /Vs ratio for the entire
well is ca. 1.88, whereas for the interval at the bottom of the
well where good correspondence exists it is slightly lower
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Figure 8. (a) Vp and Vs data from the PTA2 sonic log plotted against the volcanic lithofacies. (b, c) Zoomed-in logs which both display
data with a 1 m running average applied; black lines indicating flow and contact boundaries between similar facies. Ol rich stands for olivine
rich.
at ca. 1.79. Both values are within the same range as for
older lava sequences, e.g., from eastern Greenland (Planke
and Cambray, 1998); however, they are slightly higher than
the average of 1.69 recorded from laboratory measurements
on Hawaiian compositions (e.g., Manghnani and Woollard,
1968). As discussed in the processing section, the confidence
in the S-wave picking in the upper part of the borehole is re-
duced. It is interesting to note that the S-wave data become
challenging to pick at a very similar depth to that which the
resistivity data displays a large jump in base level. It could
therefore be that something relating to the fluid properties
within the upper part of the open hole section also affected
the sonic log data, although this also requires additional in-
vestigation beyond the scope of this report.
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3.6 Televiewer
The televiewer tool collects high-resolution velocity data
(amplitude and travel time) for the full circumference of
the borehole which is processed to give a continuous acous-
tic image of the borehole surface (Zemaneck et al., 1969).
The televiewer is most commonly utilized for structural and
stress field analysis (e.g., Zoback et al., 1985; Ziegler et al.,
2016; Millett et al., 2018); however, the images may also give
potentially important information about volcanic facies and
intra-facies. The ability for image logs to characterize vol-
canic facies elements has been highlighted for the FMS and
FMI logs (resistivity imaging, Brewer et al., 1998; Tominaga,
2013; Watton et al., 2014a; Fornero et al., 2018); however,
similar dedicated studies for the interpretation of volcanic
facies from the televiewer appear somewhat limited and of
lower apparent image quality to date (e.g., Massiot et al.,
2015). Acquisition of high-quality televiewer data formed
one of the primary objectives of the Hawai‘i borehole op-
erations.
In general, the image quality from the PTA2 borehole is
very good, with many intervals displaying exceptional fea-
ture clarity while in a few intervals image quality is reduced
and acquisition artefacts obscure the images. The key objec-
tive for collecting high-resolution image data was to test the
ability of the televiewer to capture detailed volcanic intra-
facies remotely, which is made possible by the availability of
continuous core data. A full core is rarely available for vol-
canic wells, even for scientific drilling (e.g., Brewer et al.,
1998), whereas for petroleum exploration wells, only very
small core sections are commonly taken but these rarely in-
tersect volcanic intervals. Throughout the logged interval,
there is a depth discrepancy whereby the televiewer depths
are generally ca. 1.6 m deeper than the core depth values. Ad-
ditional to this correction, in many cases the resulting boxed
core material from individual core pipe runs (ca. 10 ft) may
exceed or not equate exactly to the known penetration. This
is simply due to the fact that the core is sometimes broken
and fragmented and therefore does not fit perfectly back to-
gether, resulting in longer recorded lengths compared to the
known penetration. The depth is reset at the start of each core
run and therefore only minor errors (generally < 30 cm) may
be encountered at the bottom of some runs.
To highlight the potential of televiewer images for vol-
canic facies delineation, in Fig. 9, type examples of pa¯hoehoe
and ‘a‘a¯ lava facies are presented and compared to observa-
tions from core. In Fig. 9a, an individual simple pa¯hoehoe
lava lobe is characterized by clear vesicle size and abundance
variations with dense small vesicles at the lower and upper
vesicle zones (LVZ and UVZ following Katz and Cashman,
2003), transitioning into fewer larger vesicles within the cen-
tral portion of the flow interior. Large vesicles within the cen-
tral portion of the flow lobe can be clearly seen within the
televiewer amplitude data along with subparallel vesicle co-
alescence bands within the UVZ to flow top transition. As is
typical of pa¯hoehoe lavas, the altered flow top crust is thicker
than the flow base and has also been baked by the overlying
flow increasing the degree of alteration. This is also observed
on the televiewer data, with a broader band of lower ampli-
tudes at the top of the flow. Flow top fractures which ter-
minate within the flow core are also clearly observed from
the televiewer amplitude data, which importantly suggests
that the corresponding fractures in the core are primary and
not drilling induced. Along compound pa¯hoehoe lava sec-
tions within the data, multiple thin lava lobes and pa¯hoehoe
“toes” in addition to internal boundaries delineated by vesi-
cle bands and chilled margins can be seen which would have
formed during emplacement. Chilled margins are generally
highly altered to clay or palagonite and dominantly display
clear low-amplitude boundaries. Spherical-to-sub-spherical
features are identified from the televiewer where these chilled
margins or internal densely vesicular bands intersect the
borehole at a toe termination or margin. Spongy pa¯hoehoe
flow cores or lobe and toe cores display very low amplitudes
due to a very low proportion of lava (vesicle walls) compared
to open space where porosities commonly exceed 50 % (e.g.,
Walker, 1989).
‘A‘a¯ lavas comprise the other major lava flow type found
on Hawai‘i and in basaltic lava provinces in general. They
are characterized by rubbly and brecciated upper and lower
margins due to auto-brecciation of the lava flow crust during
emplacement. In Fig. 9b an example of an ‘a‘a¯ rubbly flow
margin is presented. The flow margin breccia belongs to the
underlying flow interior and has been baked and oxidized by
the overlying lava flow. The breccia displays a very clear and
characteristic fabric comprising high-amplitude clasts within
a low-amplitude finer-grained matrix. In other examples clear
straining of regions showing different vesicle densities is ob-
served within the flow core, a common feature of ‘a‘a¯ lavas
where the lava continues to move during cooling and vesicu-
lation causing deformation of the developing vesicular fabric
(Cas and Wright, 1988). These sharp boundaries between the
zones of different vesicle densities are clearly represented on
the televiewer amplitude data along with examples of larger
deformed vesicles near flow bases. Vesicle segregations and
entrained clinker are also potentially visible as patches of
low amplitude which match the core well in a number of ex-
amples. Recovery can commonly be poor within ‘a‘a¯ lavas
due to heavy fracturing and the presence of loose rubble
and, therefore, identifying flow features remotely (e.g., tele-
viewer) may prove invaluable in understanding the volcanic
sequence where such core gaps occur.
Many other detailed facies and intra-facies features includ-
ing transitional lavas, sedimentary units, ash layers and intri-
cate intrusive units have been investigated in detail from the
Hawai‘i boreholes and will form the basis of a standalone
study presented elsewhere.
Sci. Dril., 25, 15–33, 2019 www.sci-dril.net/25/15/2019/
D. A. Jerram et al.: Understanding volcanic facies in the subsurface 29
Figure 9. (a) Example of a simple pa¯hoehoe lobe from PTA2 displaying characteristic vesicle size distribution clearly imaged from the
televiewer amplitude data along with flow top fractures. (b) Detail of a baked ‘a‘a¯ flow margin breccia from PTA2. Note the detail at the flow
margins is clearer from the televiewer data due to the crumbly nature of the contact rubble. In each image, letters (a, b, etc.) highlight linked
features on both the core and the image log.
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Figure 10. Examples of pa¯hoehoe and ‘a‘a¯ facies: (a) from eruption and outcrop, (b) as imaged in televiewer, and (c) examples from the
cored section.
4 Closing remarks and future outlook
This paper presents results from new borehole wireline log-
ging and image logging of two fully cored boreholes on the
Big Island of Hawai‘i. Through this project an important
database of down-borehole petrophysical variations has been
collected, which can be interpreted in full due to the excep-
tional core data available over a large interval of the PTA2
borehole. Such data are often hard to realize in many offshore
areas that drill through volcanic successions due to the costs
alongside the volcanic intervals often not forming reservoir
targets. Additionally the data set provides a valuable resource
to look at average flow thickness, number of flow units and
flows, and volcanic facies structure.
Gamma data are typically low as expected for basalts with
variations occurring where intrusions come in and with an
increase due to more evolved hawaiite compositions. Within
the magnetic data, the two highest peaks in total magnetic
field are broadly associated with intrusions at ca. 1100 m,
yet other intrusions and the relation of the magnetic data to
the varying volcanic facies show mixed results. Alteration
at flow tops can show kicks in the susceptibility, which has
been demonstrated to be the case in other lava successions
(e.g., Planke et al., 1999). Resistivity data from DIP meter
records show some correlation to volcanic facies in some ar-
eas but not in others, which could be due to a number of
factors (e.g., variations in fracturing, lack of calibration of
DIP meter readings). Such data could be improved with bet-
ter constrained laterolog resistivity data. Variations within
the velocity with depth are clearly influenced by alteration
of the porous lavas and associated facies, with a noted de-
grease in velocity in the lower part of the well. The caliper
results highlight semi-continuous breakouts occurring down
the wells, best developed in the most coherent facies (e.g.,
‘a‘a¯ interiors and intrusions), which are associated with the
in situ stress field (breakouts occur parallel to minimum hori-
zontal stress). The directions of these breakouts can be of use
in unraveling the in situ stress regime of the Mauna Kea vol-
cano and as such are forming the basis of ongoing research.
The televiewer borehole imaging sonde, as an example,
can produce highly informative data for delineating small-
scale volcanic features and intra-facies when optimized set-
tings are used. Features including individual vesicles, vesicle
segregations, strained vesicles, chilled margins, rubble zones,
intrusive contacts and pa¯hoehoe lobe morphologies can be
confidently matched between the televiewer data and the full
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diameter core. One of our main goals in undertaking such
a study is the potential ability to link facies with analogue
examples and ultimately get back to the geological processes
that have formed the petrophysical variations preserved in the
rocks. Figure 10 acts as a summary of this concept by linking
back our down-borehole observations to the key volcanic fa-
cies that formed them. Going forward, data sets like the one
presented here allow improved confidence in the interpreta-
tion of borehole imaging through volcanic sequences where
core is not available. Ongoing and future work will focus on
the detail within the data set to fully explore the key vol-
canological, structural and geophysical inferences that can
be gained from this case example.
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